A photoionization study of the vinyl radical
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The photoionization spectrum of vinyl radical is reported, from its observed threshold to 1160
A. Two methods of preparation have been employed; (a) the abstraction reaction of F atoms
with C,H,, and (b) the pyrolysis of divinyl mercury at 1200 K. In both experiments, relatively
sharp autoionization structure is observed, and interpreted as a Rydberg series converging to
the excited 34 “ state of vinyl cation. The analysis leads to an adiabatic ionization energy of
~10.7 eV for this state, with a structure similar to that of vinyl radical but with an increased
C-C distance. The observed ionization threshold for the ground state of vinyl cation is

8.59 + 0.03 eV with the F atom reaction, and 8.43 + 0.03 eV with the pyrolysis method. The
lower value in the latter experiment is interpreted as a hot band. The relatively low value of the
photoionization cross section near threshold implies a large geometry change between vinyl
radical and ground state vinyl cation. A progression in the in-plane C-H bending vibration is
indicated in the photoionization spectrum; it is quite possible that the vibrational 0-0
transition lies one quantum lower than our detected limit. With this bracketed adiabatic
ionization potential and the appearance potential of C,H;" (C,H,), a C-H bond energy in

ethylene of 107-110 kcal/mol (0 K) is deduced.

1. INTRODUCTION

Two topics currently receiving considerable attention in
the chemical physics community are: (1) the heat of forma-
tion of the vinyl radical (or almost equivalently, the C-H
bond energy in ethylene) and (2) the molecular geometry of
the ground state of the vinyl cation.

A. Energetics

Since AH 9(H) and AH (C,H,) are well-known quan-
tities,! we can provide a relationship between AH(C,H;)
and AH g (where AH 5 is the C-H bond energy in C,H,)
with some confidence. Thus,

AHge, = AH (C,H;) + 37.05 kcal/mol
and
AHgg 505 = AH ) (C,H;) + 39.56 keal/mol,

with an uncertainty of + 0.07 kcal/mol.

Recently, Shiromaru ef al.” have reported a value of
5.06 + 0.05eV=116.7 + 1.2 kcal/mol for AH gg , equiva-
lent to AH 9 (C,H;) = 79.7 + 1.2 kcal/mol.

This result was based on a measured threshold of
18.66 4 0.05 eV for the reaction

CH,+Av-CH; + H" +e7. (1)

This photoionization experiment, performed with
synchrotron radiation, was reported” to have had difficulty
excluding second-order radiation. Prior photoionization
studies relevant to the present discussion had focused on the
process

CH, + hv—CH +H+e . (2)

Three measurements of the threshold have been report-

® Also Physical Chemistry Department, Rugjer Boskovi¢ Institute, Za-
greg, Yugoslavia.
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ed for this process, 13.80,% 13.25 + 0.05,* and 13.22 4 0.02°
eV. These values can be related to corresponding ones for
AH$ (C,H;") =281.1,268.4 + 1.2, and 267.8 + 0.5 kcal/
mol, respectively. Reinke et al.® have studied the photoioni-
zation threshold for C,H;* from C,H,Cl, and deduced
AHY (C,H;") = 264 + 2 kcal/mol, which can be convert-
ed to AH (C,H;") =265+ 2 kcal/mol from available
thermochemical data.” Thus, it seems plausible to conclude
that AH § (C,H;" ) lies between 265-269 kcal/mol, and that
the earliest photoionization result?® is in error.

In order to deduce AH yg or AH $(C,H,) from such an
experiment, one must know the adiabatic ionization poten-
tial of vinyl radical. In earlier work, Harrison and Lossing®
used conventional electron impact mass spectrometry on vi-
nyl radical produced by the pyrolysis of methylvinyl mer-
cury, and obtained 9.45 eV. Later, Lossing” used an energy-
resolved electron beam on vinyl radical generated by
pyrolysis of divinyl sulfone, and obtained 8.95 eV. This latter
value has been selected in the compilation by Rosenstock et
al.,'® and they also choose AH ? (C,H;" ) = 26% kcal/mol.
This latter set of data is equivalent to AH gg o = 99.7 kcal/
moland AH } (C,H;) = 62.6 kcal/mol, each about 17 kcal/
mol lower than the corresponding recent values of Shiro-
maru et al.”

Appearance potential measurements, by their very na-
ture, give upper limits to the energy threshold for a particu-
lar process. Hence, it might be argued that the threshold for
C,H;t (C,H,) is also just an upper limit, and not a valid
thermochemical threshold. Independent support for the
view that this is a thermochemically significant threshold
has recently been provided by two extensive ab initio calcula-
tions' "2 of the proton affinity of acetylene, defined as the
exothermicity of the process

CH,+H"-CH;" 3
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Lindh et al.!! report 154.8 kcal/mol, while Curtiss and Pople
obtain 152.5 kcal/mol, at 0 K. The range of values for
AH ¢ (C,H;") we have selected (265-269 kcal/mol) corre-
spond to a range 154.6-150.6 kcal/mol for the proton affin-
ity of C,H, at 0 K. The value obtained from the ab initio
calculations of Lindh et al. favors the lower end of our range
for AH, (C,H;" ), whereas the value calculated by Curtiss
and Pople comes very close to the value (151.8 kcal/mol)
deduced from the experiment of Stockbauer and Inghram,’
which has the highest precision of the experimental thresh-
olds.

Hence, of the two quantities entering into the determin-
ation of the lower values of AH ¢ and AH(C,H,), the one
most suspect is almost certainly the ionization potential of
vinyl radical. This problem is avoided in the measurement of
Shiromaru et al.,” since the ionization potential of atomic
hydrogen is perhaps the best known thermochemical quanti-
ty. However, there are other possible criticisms of this mea-
surement. The H* signal is weak, and these authors recog-
nize problems with second-order radiation. In addition,
there is the likelihood of a kinetic shift. In the photodissocia-
tive ionization of ethylene,*> lower energy processes occur at
13.13 +0.02 eV (C,H;' + H,), 13.25 ¢V (CH;* + H),
and ~ 18.05 eV (CH;" + CH,) before the desired process
(H* 4+ C,H,) begins to be seen at 18.66 + 0.05 eV. In the
language of unimolecular decay theory, the phase space, and
hence rate of decomposition of the lower energy processes is
very large at the thermochemical onset of H*. The rate of
the latter process is low at threshold. If these processes are in
competition with one another, the phase space for the H*
producing process must increase (i.c., energy beyond
threshold must be added) before it attains an observable
rate. One such example is the threshold for CH;" from
C,H,, which has a thermochemical onset at 13.586 eV, but is
first observed at ~ 13.96 eV."* If there is a substantial kinetic
shiftinthe H* + C,H, threshold, it would result in too large
a value for AH g, and also for AH 3(C,H,).

When faced with such disparate values, and with argu-
ments for questioning both results, one can examine the de-
ductions from other methods to provide a basis for judg-
ment. Thus, McMillen and Golden™ select AHY
(C,H;) =704 +2 kcal/mol, and AHggyes =11042
kcal/mol, based largely on kinetic methods. However, a
more recent kinetic study by Kieffer et al.' leads to AH { |
(C,H;) = 63.4 + 2 kcal/mol, which is essentially the same
as the low value obtained from photoionization.

Shiromaru et al.? cite an unpublished value [A. M.
Wodtke, E. J. Hintsa, I. Dubourg, and Y. T. Lee (to be
submitted) ] of 4.71 eV=108.6 kcal/mol for AH g, from
the analysis of the photofragment translational spectra of
C,H,Br and the translational energy release in the
F+C,D,-»C,D; + DF(v=4) reaction. This value of
AH g implies AH ) (C,H,;) = 71.6 kcal/mol, which is
consistent with the aforementioned selection of McMillen
and Golden.'* Finally, Ellison'® has recently obtained
AH gg 595 = 107.8 4 3.1 kcal/mol by combining his deter-
mination'’ of the electron affinity of C,H; with an indirectly
determined gas phase acidity for C,H;. These alternative
values are listed for convenience in Table I. In summary, the

TABLEI Summary of values for AH  (C,H,), AH ) (C,H," ) and AH g
(all in kcal/mol) from various sources.

AHS (C,H,)* AHY (CH;t)  AHge, Ref.
281.1 3
2684+ 1.2 4
267.8 +0.5 5
265 +2 6
62.6 269 99.7 10
71542 108.6 +2 14
64.5+2 101.6 +2 15
797+ 1.2 116.7 + 1.2 2
71.6 108.6 WHDL®
70.4 107.4 + 3.1 16°
71.9 1089 +2 12
>69.8 > 106.8 Present
70-73 107-110 results

2In order to reduce the number of cited values at 298 and at 0 K, we have
converted all values to 0 K using AH} (CH,) = AH] (C,Hj;) + 1.1
kcal/mol given in Ref. 7, and also related AH g, to AH, (C,H;) using

Eq. (1).

"WHDL = Wodtke, Hintsa, Dubourg, and Leg, cited in Ref. 2.

©This value, slightly different from that given by Ref. 16, utilizes the correc-
tion to 0 K given in footnote a.

values for AH 5 inferred from other methods cluster around
an intermediate value of 108-110 kcal/mol, except for a re-
cent kinetic result that yields ~ 102 kcal/mol. None ap-
proach the high photoionization value of 117 kcal/mol.

B. Molecular geometry

Recent experiments and ab initio SCF calculations'®
have led to the conclusion that the ground state of vinyl
radical has a planar, ethylene-like structure, as shown below.

H ==
258 " ‘%@
H/8 \H

Much more attention has been focused on the potential
surface of the ground state of vinyl cation. The results of
three recent, extensive ab initio calculations'"'*?° are sum-
marized in Table I1. It can readily be seen from this table that
the three groups are in general agreement about the molecu-
lar geometry of the two structures, which are often referred
to as the classical and nonclassical (bridged) structure.
They differ somewhat with regard to the detailed potential
surface. Curtiss and Pople’s'? most recent calculation places
the classical structure 3.1 kcal/mol above (i.e., less stable
than) the nonclassical structure with a barrier between
them?® of at most 0.3 kcal/mol, and perhaps zero (i.e., the
classical structure is a saddle point on the surface). Lindh ez
al.'! have the classical structure 3.6-4.1 kcal/mol above the
nonclassical structure, with a barrier of 0.7 kcal/mol. Lee
and Schaeffer'® compute that the classical structure is 1-1.5
kcal/mol less stable, including zero point energy effects.

Recent experiments also tend to favor the bridged, non-
classical structure as being the most stable one for vinyl ca-
tion. Oka?! has assigned a number of lines in the infrared
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TABLE I1. Calculated molecular geometries of (a) the classical and (b) the nonclassical (bridged) structures of vinyl cation.

. H1
H1 i \\
4
o / \
\’\ TR N
v(c TC—H MO C—h,
/ B B
H.
a b
a Rcc,g RC,H,:A Rc,H,;;\ RC,H,»;\ B Y
LS® (a) 120.3° 1.275 1.098 1.098 1.087 180° 119.5°
P® (a) 121.0° 1.262 1.101 1.101 1.084 180° 118°
LRK? (a) 120.42° 1.266 1.116 1.116 1.098 180° 119.2°
LS (b) 61.7° 1.234 1.281 1.084 1.084 179.8 118.6
P (b) 61.1° 1.232 1.276 1.081 1.081 180.3 118.6
LRK (b) 61.74° 1.227 1.296 1.096 1.096 179.1 119.1
*LS = Lee and Schaeffer, Ref. 19. °P = Pople, Ref. 20. °LRK = Lindh, Roos, and Kraemer, Ref, 11.

spectrum of a discharge in a C,H,~H, mixture. From these
assignments, he has obtained rotational constants which are
in good agreement with those predicted by Lee and
Schaeffer,'® and presumably the other calculations listed in
Table II. However, he notes that, “while these results estab-
lish the carrier of the spectrum to be C,H;" with the nonclas-
sical structure dominating ... there are various indications
that the spectrum is not that of a usual well behaved asym-
metric rotor.” He states that his “ ... observations may be
associated with the proton tunneling expected from the theo-
retically calculated small energy difference between the non-
classical and classical ions and the small barrier separating
them.” A quite different experiment, referred to as the Cou-
lomb explosion technique,?” has led to the conclusion that
the average geometry corresponds to the nonclassical struc-
ture.

If vinyl radical has the ethylene-like structure shown
above, and vinyl cation has the bridged, nonclassical struc-
ture, then photoionization of vinyl radical should be ex-
tremely weak at threshold, since the large change in geome-
try should result in very unfavorable Franck—Condon
factors near the adiabatic ionization threshold.

Thus, our undertaking of a study of the photoionization
of vinyl radical has two goals, which can be anticipated to be
difficult to achieve: (a) a measurement of the adiabatic ioni-
zation potential of C,H;, from which one may extract
AHj (C,H;" ) and AH g, and (b) an analysis of the energy
dependence of the photoion yield curve near threshold, from
which one might hope to extract some information about the
potential surface of the ground state of vinyl cation, and
hence its geometry.

Il. EXPERIMENTAL ARRANGEMENT

The basic photoionization mass spectrometric appara-
tus has been described previously.?3®
Two rather different procedures were used to generate

vinyl radical in a steady state. The first was the reaction of F
atoms with C,H,. This reaction proceeds primarily by sub-
stitution (C,H;F + H), and in fact, the dynamics of this
pathway have been studied extensively.”* However, the ab-
straction reaction (C,H, + HF) accounts for about 25%-—
35% of the products.**?* Bogan and Setser®® have measured
the energy disposal in this abstraction reaction, as well as
reviewing earlier work. It seems as if most of the exothermi-
city in this reaction manifests itself in vibrational excitation
of HF.?*?¢ This observation conforms with our previous ex-
perience with such abstraction reactions where we have con-
cluded that the radicals generated leave the reaction
chamber with an internal energy distribution corresponding
to room temperature. The reactor used for generating C,H,
is identical to the device employed for producing SiH,, radi-
cals.>*® Fluorine atoms, produced in a microwave dis-
charge through pure F,, flow rapidly through a delivery
tube. A small fraction enter a reaction cup, to which C,H,
has been introduced. After a few collisions, the product spe-
cies effuse through an orifice and enter the photoionization
chamber. The fast-flowing fluorine is removed by a cryo-
pump.

The second method of producing C,H, was by pyrolysis
of (C,H;),Hg at a temperature of ~ 1200 K. The pyrolysis
reactor employed is identical to the one used in recent pyro-
lysis experiments on benzyl phosphine.?” In earlier work,
Lossing® used methylvinyl mercury pyrolysis as a source of
C,H., but subsequently reported® that, ** ... the radicals were
obtained more conveniently and in somewhat better yield
from the pyrolysis of divinyl sulfone.” As a consequence, we
began our pyrolysis studies with divinyl sulfone, but discov-
ered that the yield was not high, and it was irregular. Divinyl
mercury proved to be a more satisfactory precursor. Since
C,H;" is a fragment from dissociative ionization of cold di-
vinyl mercury, it was necessary to study this photoion yield
curve in order to establish an energy region for primary ioni-
zation of C,H, uncontaminated by the dissociative ioniza-
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FIG. 1. Overview spectrum of the photoion yield of C,H,;* (C,H,), where
C,H, is prepared by the F + C,H, reaction.

T
1160

tion process. In the course of this study, we obtained the
photoion yield curves of parent and major fragment ions
from divinyl mercury, which we also report below.

Since the ion signals were weak, especially in the region
near threshold, most of the experiments were conducted us-
ing only the peak light intensities in the many-line spectrum
of molecular hydrogen.

111. EXPERIMENTAL RESULTS AND INTERPRETATION
A. C,H; from F 4 C,H, reaction

An overview of this photoion yield curve of C,H;"
(C,H,) is shown in Fig. 1. The most prominent features of
this spectrum are the rather large autoionization resonances.
The wavelengths at the peaks of these resonances are listed in
Table I11. Such structure is common in the photoionization
of atoms, diatomic, and sometimes triatomic molecules, but
not so common for larger molecules. For example, C,H, has
weak autoionization structure,® and structure is barely per-
ceptible™ in C,H,. The resonances, superposed upon a rela-
tively intense ionization continuum, span the region from
~1200-1350 A. To longer wavelength, the photoion yield
curve descends rather quickly, in what appear to be step-like
features with intervals of ~7.5 A (400 cm™!) until about
1400 A. At still longer wavelengths, the cross section varies
more slowly, and appears to reach the background level at
about 1450 A. Even this cursory view is sufficient to estab-
lish that Lossing’s° ionization potential of 8.95 eV=1385 A
is too high. Also, the first differential of his electron impact
ionization curve, which could conceivably mimic the pho-
toionization curve, does not bear any significant resem-
blance to Fig. 1. .

The relatively slow ascent of the photoion yield curve
from threshold to ~ 1400 A suggests, but does not prove, a
large change in geometry between vinyl radical and the

7399

TABLE IIl. Wavelengths (A) of the peaks of the autoionization reson-
ances in the photoionization of vinyl radical.

C,H, (F+ CH,) C,H,; (Pyrolysis)

1347.3 1347.5
1342.3 1342.0
1333.7 1333.8
1316.5 1315.6
1310.9
1293.3 1292.9
1287.7 1289.4
1271.4 1271.7
1268.9 1268.7
1265.7 1265.5

1255.0
1250.4 1249.6
1248.8
1235.5
1234.1 1233.9
1215.6 1215.4
1208.9 1208.7
1197.7 1197.5
1188.4 1188.1
1178.2 1178.1
11719 (7))

1169.4 (7)
1163.8 (7)

ground state of the cation. An alternative explanation is that
the quantum yield of ionization increases gradually from
threshold. We shall return to this important question, the
interpretation of threshold behavior, in a subsequent section.
For the moment, we shall consider in greater detail the reso-
nance region.

According to Hunziker ef al.,'® the orbital sequence of
vinyl radical in its ground state can be written as

(1la'y%--(6a’)*(Ta’)(1a" )%, 24" .

The singlet ground state of the cation is formed when
the electron in the singly occupied 74’ orbital is ejected. If
instead an electron in the 1a” orbital is removed, two singly
occupied orbitals remain, and can couple to form a triplet
and a singlet. The resulting cation of lower energy will be the
triplet.

The 1a” orbital is 7-like, analogous to the uppermost
occupied 1b,, orbitalin ethylene. In C,H,, the lowest energy
process, corresponding to removal of an electron from the
1b,, orbital, results in a cation with an increased C-C bond
distance. The C—C bond distance is C,H, is 1.339 A%, in the
2B, state of C,H,", this distance has been determined to be
1.41 A by Franck-Condon analysis of the photoelectron
spectrum,®® and by a Green’s function ab initio calculation.>®
The C-H bond distance and the various angles do not
change greatly, but there is evidence of twisting of the H,C
entities with respect to each other (and hence from planar-
ity) by 16°-18°.

Apart from this twisting motion, the major consequence
of electron ejection from 15, (i.e., thelengthening of the C-
C bond) manifests itself in the photoelectron spectrum as a
vibrational progression. One expects this vibrational pro-
gression to involve v,, the C-C stretching mode, but in fact it
involves v,, the HCH bend, as well. As Botter and Carlier®!
point out, this is a consequence of the strong mixing of the
stretching and bending internal coordinates in the two nor-
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TABLE 1V. Calculated molecular geometries of (a) C,H, in 1ts ground
(?4’) state, and (b) C,H;" in its excited (°4 ”) state.

TABLE V. Tentative assignment of some of the autoionization resonances
listed in Table III. (Assumed limit = 10.7 eV=86 300 cm~—".)

H;

A

af Ci=—=0C,
RSN
H 3

@ Rec,A Rew, A Rey,A Ren. A B

H? (a) 120° 1.323 1.090 1.090 1.085 135°

CP-2° (a) 116 1.287 1.086 1.091 1.080  136.8°
CP-1° (b) 118.9° 1.387 1.078 1.079 1.075 134.9°
CP-2 (b) 1189 1.395 1.0889 1.0918 1.0866 135.9°

*H = Hunziker et al., Ref. 18.
®CP-2 = Curtiss and Pople, Ref. 12, MP2/6-31G*.
“CP-1 = Curtiss and Pople, Ref. 12, HF/6-31G*.

mal modes v, and v;. At least three members of such a pro-
gression are readily detectable in the photoelectron spec-
trum of C,H,.

Returning now to the C,H;, system, we list in Table IV
the calculated structures of C,H; in its ground (?4 ') state
and C,H" initsexcited (*4 ") state, the latter resulting from
removal of an electron from the 1a” orbital. As in the analo-
gous case of C,H,, the major effect of removing an electron
from this 7-bonding orbital is to increase the C—C distance.
The calculations of Curtiss and Pople'? imply an increase in
this distance of ~0.10-0.11 A, even larger than the 0.07 A
increase in ethylene. Hence, the corresponding photoelec-
tron spectrum should manifest a progression in at least the
C—C stretching vibration { ~ 1375 em™!in C,H,' ), and at
least three members of such a progression should be readily
detectable. This same argument can now be extended to the
Rydberg states converging on C,H;", *4 ", since their geo-
metries should be close to the structure of the ionic state to
which they converge.

The analogy we have drawn between the 1e” orbital in
C,H; and the 15, orbital in C,H, suggests that the ioniza-
tion energies from these respective orbitals should be close to
one another. The corresponding ionization potential in C,H,
is 10.51 eV. Hence, our analysis of the resonance structure in
the photoion yield curve of C,Hj should anticipate Rydberg
members converging to a limit of about 10.5 eV. Further-
more, each Rydberg member should have a vibrational pro-
gression of at least three members associated with it, having
a vibrational spacing of roughly 1300 cm—".

We have tested several limits in the range 10.5-10.8 eV,
with the above criteria in mind. No single solution is satisfac-
tory. For assumed limits in the lower part of the range (10.5-
10.6 €V), the observed peaks at high energy correspond to
values of n* which increase too abruptly. With a limit at 10.8
€V, they appear to increase too gradually. One possible solu-
tion, corresponding to a limit of 10.70 eV, is given in Table V.
We have not been able to explore the possible fine structure
within the peak features, due to the weak ion signal which
limited our scan to the intense peaks in the light source. It is
quite possible that more than one Rydberg series is involved.

For the corresponding excitation (from the 15, orbi-

o

A A Tpocm™! n* v
1316 75988 3.26 0
1293 77 334 1
1271.6 78 644 2
1250 80 000 4.17 0
1234 81037 1
1215.5 82271 5.22 0,22
1208.8 82727 1
1197.6 83 500 6.26 0
1188.3 84 157 7.16 0
1178.2 84 879 1°

2 Dual assignment; v' = 2 refers to v’ = 0 for the 1250 A peak.
Y’ = 1 refers to v’ = O for the 1179.6 A peak.

tal) in C,H,, Price and Tutte’” found one strong Rydberg
series, and two “much weaker” ones. Denoting the effective
quantum numbers as n* = n + a, their strong series corre-
sponds to @ = 0.91, the two weaker series with @ = 0.4 and
0.7. Wilkinson™ has identified four Rydberg series; in the
same notation, ¢ = 0.91, 0.4, 0.6, and 0.05. The present data
for C,H;, as tentatively assigned in Table V, correspond to
a~=0.23, which evidently does not match any of the values of
“a” observed in ethylene.

Our ability to see autoionization structure obviously de-
pends not only on the oscillator strengths of the absorbing
bands, but also on the strength of the configuration interac-
tion with the ionization continuum which results in autoion-
ization. The studies on ethylene are photoabsorption mea-
surements, dependent only on photoabsorption cross
sections. It is possible that there exist in C,H; Rydberg series
with stronger photoabsorption cross sections, but with much
weaker autoionizing probabilities.

B. C.H; from pyrolysis of (C.H;),Hg

1. Photoionization mass spectrum of (C,Hs).Hg at room
temperature

In order to establish the photon energy “window”
where fragment C,H;" from photodissociative ionization
will not interfere with primary photoionization of C,H,, a
cursory study was performed on the photoionization of di-
vinyl mercury at room temperature. In Fig. 2, the photoion
yield curves of (C,H,),Hg*, C,H;Hg*, and C,H," from
divinyl mercury are presented. The adiabatic ionization po-
tential of divinyl mercury is found to be ~ 1395 A =8.89 V.
Toward longer wavelength, the C,H;" fragment curve de-
clines asymptotically to ~1100 A, but it begins to increase
significantly below ~ 1030 A. Below ~960 A, C,H;" is the
dominant ion. Other ionic species observed with lower inten-
sities include m/e = 28 (C,H;* ?), m/e = 54 (C,H; ?), and
m/e = 39 (C;H; 1), possibly due to impurities in the sam-
ple. The wavelength region above ~ 1100 A appears to be
free from contamination by C,H;" due to dissociative pho-
toionization of (C,H,),Hg. However, some contamination
from the low mass tail of m/e = 28 appears to be present in
the C,H;" photoion yield curve from pyrolyzed (C,H,),Hg,
as will be seen below.
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FIG. 2. Photoion yield curves of (C,H,),Hg*, C,H,Hg™", and C,H;" from
divinyl mercury at room temperature.

2. Photoionization of C,H; prepared by pyrolysis of
(CzHs):Hg

From the studies described in Sec. III A, it was estab-
lished that the strongest photoion signals for C,H;" (C,H,)
occurred at 1217.35 and 1257.20 A. These wavelengths com-
bine strong light intensity with favorable photoionization
cross sections, but do not necessarily correspond to maxima
in the photoion yield curve. However, they are the most use-
ful practical diagnostics, in our experiment, for monitoring
the production of C,H,.

The temperature of the pyrolysis reactor was gradually
increased, and the m/e = 27 ion signal monitored at these
two wavelengths. Optimum intensities were obtained at a
temperature of ~900 °C, as measured by a Pt—-Pt, 10% Rh
thermocouple located in an annular region between the re-
sistive heater and an inner tube through which the sample
flowed. At this temperature, the parent ion, (C,H),Hg™,
had diminished in intensity to < 10% of its value at room
temperature, from which we conclude that ~90% of the
sample was thermally decomposed. When steady state con-
ditions were achieved at this temperature, a scan of
m/e =27 was performed at discrete wavelengths corre-
sponding to light peaks. The resulting photoion yield curve
is shown in Fig. 3.

The strong autoionization features observed when C,H,
was produced by the F + C,H, reaction (Fig. 1) are seen to
occur at about the same wavelengths in Fig. 3, although with
somewhat different relative intensities. Both experiments re-
quire long counting times and assume a constant evolution
of target C,Hj; species, which is difficult to realize in prac-
tice, even with periodic renormalization at selected wave-
lengths. Hence, it is not too surprising that there may be
variations in relative intensities at the autoionization reson-
ances. However, both experiments (i.e., the F atom reaction
and pyrolysis) were repeated, and rapid scans were made
from peak to peak and in some valleys, and the relative inten-
sities for each experiment were in reasonable accord. There-
fore, some of the differences in peak intensities between Figs.
1 and 3, e.g., the peak at ~1215.5 A, are believed to be real.
The wavelengths of these resonances as determined in the
pyrolysis experiment are also listed in Table III. At wave-

lengths shorter than 1180 A, there is a gradual increase in the
photoion yield curve, probably due to some “leakage” from
m/e =28.

The most significant difference between the photoion
yield curve of Fig. 1 and that of Fig. 3 is the threshold region.
In the pyrolysis experiment, a measureable photoion signal
above the background level extends to ~ 1470 A =8.43 eV,
whereas the photoion yield curve of Fig. 1 seems to reach the
background level at ~ 1450 A =8.55 eV. Both results have
been repeated, and we believe them to be significant. In addi-
tion, if we normalize to the intensity of the resonances near-
est the threshold, the longer wavelength region is uniformly
more intense in the pyrolysis experiment than in the
F + C,H, method of preparation.

C. Detailed examination of the threshold region

Several scans of the threshold region were performed,
with both the chemical reaction method and the pyrolysis
technique for generating C,H,. A representative run of the
F + C,H, experiment is shown in Fig. 4(a), and one from
the pyrolysis experiment in Fig. 4(b). The data span the
region from 1400 to ~ 1520 1&, i.e., encompassing the onset
and the background level. The smooth curve through each
data set is a computer-generated spline fit. The two data sets
have been normalized at ~ 1400 A.

Clearly, the data set from pyrolysis-generated C,H,
{Fig. 4(b)] displays an onset at longer wavelength than the
dataset of Fig. 4(a). In both data sets, there is a region which

RELATIVE PHOTOION YIELD

T T T

T I T
1240 1320 1400 1480
WAVELENGTH (R)

FIG. 3. Overview spectrum of the photoion yield of C,H;" (C,H;), where
C,H, is prepared by pyrolysis of divinyl mercury at ~900 °C.
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displays a linear decline to the background level. The inter-
section of this linearly descending region with the back-
ground occurs at ~ 1448 A=8.56 ¢V in Fig. 4(a), and at
~1476 A=8.40 eV in Fig. 4(b). This characteristic differ-
ence between the pyrolysis and chemical reaction experi-
ments can be noted in every pair of data sets.

In addition, there are indications of step-function be-
havior in both photoion yield curves. If this is indeed the
case, it indicates that direct ionization, rather than autoion-
ization, is the prevailing mechanism. Since there are Ryd-
berg states converging to this lowest ionization potential,
they must then be predominantly predissociating, which
would make the quantum yield of ionization small at thresh-
old. If direct ionization is the dominant feature, then the
steps involve one or more vibrational progressions governed
by Franck—Condon factors connecting the vinyl radical and
ground state vinyl cation. To exploit this possibility, we have
differentiated the smooth, spline-fitted curves in each of the
data sets, from threshold to ~ 1360 A=9.1 eV. If rounded
step-function behavior is indeed present in the photoion
yield curve, then the derivative should display a pattern sim-
ilar to a photoelectron spectrum. The rounded steps could be
attributed to rotational effects. Both the chemical reaction
and pyrolysis experiments display peaks which occur at
8.98, 8.86,8.74, and 8.62 ¢V. These are averaged values from
several experiments, but the uncertainty is $0.02 eV. In
addition, the pyrolysis data reveal an additional, lower ener-
gy peak at 8.46 eV. The difference between the lowest energy
peak in the pyrolysis experiment and the lowest energy peak
in the F + C,H, experiment is 0.16 eV, the same as that
obtained from the difference in extrapolated thresholds of
Figs. 4(a) and 4(b). The offset between the positions of the
derivative peaks (8.46 and 8.62 eV) and the extrapolated
thresholds (8.40 and 8.56 eV) is a measure of the peak
widths.

The peak features common to both experiments appear
to display a vibrational progression, the successive peaks dif-
fering in energy by 0.12 eV=965-970 cm . If we seek to
interpret this pattern, we must examine the most likely nor-
mal modes of vinyl cation that will be excited in the ionizing
transition. Such a normal mode should be totally symmetric
with respect to all symmetry operations that apply to both
the geometry of the initial and final states, and the internal
coordinates describing this mode should reflect the change
in geometry that has occurred when vinyl radical becomes
vinyl cation. Vinyl radical has C, symmetry, with in-plane o’
totally symmetric modes and out-of-plane a” non-totally
symmetric modes. The vinyl cation, in either the classical or
nonclassical structure, has C,, symmetry. In-plane, totally
symmetric modes a, retain C,, symmetry, and hence cannot
reflect the geometric change occurring when vinyl! radical
becomes vinyl cation. Hence, we eliminate a, modes from
consideration, and also a, and b, modes ( out-of-plane). This
leaves only b, modes.

Both Raine and Schaeffer®** and DeFrees and McLeans
have computed the normal mode frequencies of C,H;" from
their respective ab initio calculations, for both the classical
and nonclassical forms. For both structures, there are three
normal modes of b, symmetry (b, in Raine and Schaeffer’s

o (a)

RELATIVE PHOTOION YIELD

——
1400 1450
WAVELENGTH (R)

/ {b)

RELATIVE PHOTOION YIELD

1400 - 1450
WAVELENGTH (R)

T T T T

T
1500

FIG. 4. (a) Threshold region of the photoion yield curve of C,H; (C,H,);
C,H, prepared by the F + C,H, reaction. (b) Threshold region of the pho-
toion yield curve of C,H;" (C,H,); C,H, prepared by pyrolysis of divinyl
mercury. The smooth curves through the data points are computer-genera-
ted spline fits.

convention). Of these three modes, one is a C-H stretch in
both classical and nonclassical structures which has a high
frequency ( > 3000 cm™!) and does not reflect the change of
geometry between radical and cation. The remaining b,
modes have calculated frequencies of 481/517 and 1166/
1179 cm~! (Raine/DeFrees) for the classical structure,
379/332 and 1323/1357 cm ! for the nonclassical structure.
(These are unscaled Hartree~Fock values. Better agreement
with experiment is often obtained by multiplying the calcu-
lated value by 0.89.) Roughly, the higher frequencies corre-
spond to eigenvectors'? which relate to the geometric change
between radical and cation, whereas the lower frequencies
are characterized by eigenvectors'? describing the change
between classical and nonclassical ion structures.

~ The spacing in derivative peaks inferred from our ex-
perimental data could conceivably be identified with the
higher frequency b, modes in either of these ionic structures,
although it is closer to the classical structure. However, the
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consensus of the best ab initio calculations (see Table 1)
suggests a more complicated interpretation. The calculated
difference between the minima of both structures is ~3-4
kcal/mol, which is of the order of one vibrational quantum.
The barrier between structures is calculated to be at most 1
kcal/mol. Hence, the potential surface of the vinyl cation
may be crudely represented by the sketch in Fig. 5, in which
the abscissa is the coordinate of the C-H in-plane bending
mode. A more precise interpretation of the photoelectron
spectrum (or pseudophotoelectron spectrum) must there-
fore await an accurate calculation of the Franck—Condon
factors connecting the potential surface of vinyl radical with
the rather complex potential surface of vinyl cation.

When such a calculation becomes available, it may be
possible to deduce whether the current experiment is sensi-
tive enough to detect the true adiabatic ionization potential.
For the moment, we can draw the following tentative con-
clusions.

(1) The lower threshold observed in the pyrolysis ex-
periment is almost certainly a hot band. The lowering in
energy amounts to ~ 1300 cm ™. The Boltzmann popula-
tion of such a vibrational excitation at ~ 1200 K (either as
v" =1 of a 1300 cm ™! quantum or v” =2 of a 650 cm ™!
vibration) is about 20%. However, the “step height’” at the
threshold in Fig. 4(b) (~ 1470 A) can be expected to be
more than 20% of the step height at ~ 1445 ;\, because the
corresponding Franck—Condon factor should be larger. One
can anticipate a rough symmetry in Franck-Condon factors
between 0—1and 1-0,1-2and 21, etc. The step height
at ~1425 A is about twice that at ~ 1445 A in Fig. 4(a).
Applying this same factor, the step height at ~1470 A
should be about 40% of that at ~ 1445 A in Fig. 4(b), and it
closely approximates that relative intensity. By contrast, if
the F + C,H, reaction produces C,H, corresponding to
room temperature as we believe, the Boltzmann population
of 2 1300 cm ! excitation is <0.2%.

(2) An upper limit to the adiabatic ionization potential
of vinyl radical can be obtained from Fig. 4(a), the “cold”
C,H,. The extrapolated threshold is 8.56 eV; the peak in the
derivative spectrum is at 8.62 eV. The rotational 0 - O transi-
tion for this vibrational transition probably lies between
these values.

IV. DISCUSSION

A. Implications of the threshold for the C-H bond
energy

The best current value for the appearance potential of
C,H;" in reaction (2) is 13.22 + 0.02 eV, which appears to
be very close to the true thermochemical threshold.

Our upper limit to the adiabatic ionization potential of
C,H; is 8.59 4+ 0.03 eV. When combined with the appear-
ance potential of reaction (2), this yields a lower limit to the
C-H ©bond energy in ethylene of 4.6340.04
eV=106.8 4 0.8 kcal/mol at 0 K. Recently, Curtiss and Po-
ple'? have calculated an adiabatic ionization potential for
C,H,; (going to the nonclassical bridged structure) of 8.42
eV. Typically, those recent calculations have been accurate
to + 0.1 eV. Thus, it is quite possible that the vibrational
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FIG. 5. A schematic sketch of the potential energy surface of vinyl cation in
its ground state, with the amplitude of the in-plane C~H bending motion as
the abscissa.

0- 0 transition, corresponding to formation of viny! cation
in a bridged structure very different in geometry from the
vinyl radical, has such a low Franck—Condon factor that it is
not detected in our experiment. In effect, it may mean that
our threshold is one vibrational quantum shy of the true
threshold. If the true threshold is lower by such an amount,
the C-H bond energy in ethylene becomes 110 kcal/mol.
The recent calculations by Curtiss and Pople' give
110.2 + 2 kcal/mol for this quantity.

In summary, the low value of ~ 100 kcal/mol for the
C-H bond energy in ethylene is definitely ruled out by our
experimental results. They indicate a value of at least 107
kcal/mol, and perhaps as high as 110 kcal/mol. A value of
117 kcal/mol, while not definitively ruled out by the present
experiments, seems highly unlikely. A more precise state-
ment awaits calculation of the relevant Franck—Condon fac-
tors.

B. The energies and structures of vinyl cation

The adiabatic ionization potential of C,H, obtained in
the present experiment, <8.59 + 0.03 eV, is considerably
lower than the best previous value,” 8.95 eV, obtained by
electron impact. The low photoion yield near threshold im-
plies a large geometry change.

By contrast, the relatively sharp autoionization struc-
ture observed at higher energy, and its interpretation, lead us
to the conclusion that the first excited state, a triplet, has a
structure rather similar to that of vinyl radical, but with a
larger C-C distance.

The structure of the ground state of vinyl cation remains
a bit fuzzy. Oka’s®! partial analysis of the infrared spectrum
convinces him that the nonclassical structure dominates, but
that the spectrum is not that of a usual well-behaved asym-
metric rotor. The extensive calculations summarized in Ta-
ble I predict that the classical structure lies just 3—4 kcal/mol
above the nonclassical structure, with a barrier between
structures of at most 1 kcal/mol. The “Coulomb explosion”
experiments®” were performed on C,H;" prepared by “low-
energy electron bombardment of ethylene.” We know from
the photoionization studies of ethylene that the C,H;" frag-
ment increases in abundance rather slowly from threshold.
This gradual increase is likely to occur in electron impact
experiments as well. Hence, to achieve a measureable signal,
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one must exceed the threshold energy by perhaps 1 eV.
Usually, such electron impact experiments have significant
energy spreads, 4+ 0.3-0.5 eV, unless an electron monochro-
mator is used. The C,H;" initially formed by electron bom-
bardment of C,H, is likely to be “hot”, i.e., to encompass
some vibrational distribution in addition to the vibrational
ground state. If the ab initio calculations are to be relied
upon, C,H;" species having an internal energy of only 0.5 eV
will already vibrate in a potential surface that includes both
classical and nonclassical structures. The Coulomb explo-
sion experimentalists note*” that with their method “it is
possible to obtain average geometries directly”. If the C,H;*

they are examining is mildly hot vibrationally, and both clas-
sical and nonclassical structures are represented in their
sample, it may still be possible that the average positions of
the protons which they observe will conform to the nonclas-
sical structure.
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